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Precision restoration: a necessary approach to foster
forest recovery in the 21st century
Jorge Castro1,2 , Fernando Morales-Rueda1 , Francisco B. Navarro3 , Magnus Löf4 ,
Giorgio Vacchiano5 , Domingo Alcaraz-Segura6
Forest restoration is currently a primary objective in environmental management policies at a global scale, to the extent that
impressive initiatives and commitments have been launched to plant billions of trees. However, resources are limited and the
success of any restoration effort should be maximized. Thus, restoration programs should seek to guarantee that what is
planted today will become an adult tree in the future, a simple fact that, however, usually receives little attention. Here, we advo-
cate for the need to focus restoration efforts on an individual plant level to increase establishment success while reducing neg-
ative side effects by using an approach that we term “precision forest restoration” (PFR). The objective of PFRwill be to ensure
that planted seedlings or sowed seeds will become adult trees with the appropriate landscape configuration to create functional
and self-regulating forest ecosystems while reducing the negative impacts of traditional massive reforestation actions. PFR can
take advantage of ecological knowledge together with technologies and methodologies from the landscape scale to the individ-
ual-plant scale, and from the more traditional, low-tech approaches to the latest high-tech ones. PFRmay be more expensive at
the level of individual plants, but will be more cost-effective in the long term if it allows for the creation of resilient forests able to
provide multiple ecosystem services. PFR was not feasible a few years ago due to the high cost and low precision of the available
technologies, but it is currently an alternative that might reformulate a wide spectrum of ecosystem restoration activities.
Key words: aerial unmanned vehicles, artificial intelligence, drones, ecological interactions, forests, remote sensing, seeding,
sowing
Conceptual Implications
• Social and political interest for halting the impact of
humans on nature is creating an opportunity to restore for-
ests. However, for a successful restoration we need to
give more attention to the fate of the planted or seeded
individuals to ensure that they become adult trees.
• We advocate for a precision forest restoration (PFR)
approach to increase forest restoration success. PFR
should combine a wide spectrum of ecological knowl-
edge, technologies, and methodologies from low-tech to
the most high-tech currently available to increase the
chances that each plant become an adult tree while mini-
mizing costs and disturbance.
• PFR seeks the recovery of functional resilient forests at
landscape level, but focuses on the biotic and abiotic lim-
itations for establishment at individual-plant scale.
Introduction
Forests are increasingly recognized for their role as a nature-
based solution to many of the challenges currently faced by
humanity, such as the climate crisis, the biodiversity crisis, and
pandemic risks (FAO 2020). Therefore, the goals of restoring
degraded or heavily disturbed forests and reversing global
deforestation have an enormous social, economic, and political
relevance today (Di Sacco et al. 2021). In this context, tree plant-
ing—either to restore native forests or to increase national and
global tree cover—has received enormous attention, to the point
that several impressive programs and commitments have been
initiated to recover forests at global, regional, or national scales
(Fagan et al. 2020; Holl & Brancalion 2020; Table 1). These
commitments have lacked strict legal obligations so far, but in
some cases they have been underpinned by strong political and
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Table 1. Summary of the main commitments and initiatives to restore ecosystems in large areas of the planet and that include, implicitly or explicitly, tree plan-
tation. The table covers the majority of global restoration commitments under the Rio Conventions and unofficial initiatives, but it is not an exhaustive and sys-
tematic overview of all global pledges. The data in column “Restoration Committed” cannot be summed because there is an overlap between the conventions,
global initiatives, and/or regional pledges. Adding up all the country commitments that have been submitted under the Rio Conventions and the Bonn Challenge
or related regional initiatives provides a total global range of commitments from 765 million to 1 billion hectares (Sewell et al. 2020). The commitments data are
extracted from sources expressed in hectares, area-based metrics translated into hectares, or number of trees. Commitments from private companies are not
included. (a) United Nations Convention on Biological Diversity; (b) United Nations Convention to Combat Desertification; (c) United Nations Framework Con-
vention on Climate Change; (d) United Nations Forum on Forest; (e) International Union for Conservation of Nature; (f) United Nations Development Program;
(g) World Economic Forum; (h) World Wide Fund for Nature; (i) Wildlife Conservation Society; (j) United Nations Environment Program; (k) New Partnership
for Africa’s Development; (l) United Nations Economic Commission for Europe; (m) Food and Agriculture Organization of the United Nations; (n) World
Resources Institute. Sources: (1) https://www.cbd.int/nbsap/; (2) https://knowledge.unccd.int/home/country-information/countries-with-voluntary-ldn-targets;
(3) https://www4.unfccc.int/sites/NDCStaging/Pages/Home.aspx; (4) https://www.un.org/esa/forests/documents/un-strategic-plan-for-forests-2030/index.html;
(5) https://www.bonnchallenge.org/; (6) https://infoflr.org/bonn-challenge-barometer; (7) https://ark2030.org/; (8) https://www.1t.org/; (9) https://trilliontrees.
org/; (10) https://www.trilliontreecampaign.org/; (11) https://www.weforest.org/page/about-us; (12) https://edenprojects.org/mission-and-vision/; (13) https://
onetreeplanted.org/pages/about-us; (14) https://www.arborday.org/generalinfo/about.cfm; (15) https://treesisters.org/about-us; (16) https://ec.europa.eu/info/
strategy/priorities-2019-2024/european-green-deal/actions-being-taken-eu/EU-biodiversity-strategy-2030_en; (17) https://afr100.org/content/countries; (18)
https://www.greatgreenwall.org/; (19) https://infoflr.org/bonn-challenge/regional-initiatives/ecca30; (20) https://initiative20x20.org/regions-countries; (21)
http://www.fao.org/forestry/45685-0ad87e3a1d4ccc359b37c38ffcbb5b1fc.pdf; (22) https://regreeningafrica.org/
Scale Agreement or Initiative
Leader(s)






UNCBD (a) To restore at least 15% of degraded
ecosystems by 2030




UNCCD (b) To restore degraded land to achieve a
land degradation-neutral world by
2030
450 million ha 2
Paris Agreement UNFCCC (c) To conserve and enhance forest carbon
stocks through sustainable
management
250 million ha 3
UN strategic plan for
forests 2030
UNFF (d) A 3% increase in forest area worldwide
by 2030
120 million ha 4
The Bonn Challenge IUCN (e), UNDP (f),
Government of
Germany
To restore 150 million ha of the world’s
degraded lands. Extended by the New
York Declaration on Forests to 350
million ha by 2030
350 million ha 5, 6
Ark 2030 Ark 2030 To restore 500 million ha of land across
five critical landscapes
500 million ha 7
1 Trillion Trees
Campaign
WEF (g) To restore and conserve 1 trillion trees
globally by 2030
1 trillion trees 8
Trillion Trees WWF (h), WCS (i), Birdlife
International
Ending deforestation and restoring
forests in critical areas for the benefit
of wildlife, people and a stable climate
1 trillion trees 9
Trillion Trees
Campaign
Plant for the Planet,
UNEP (j)






WeForest WeForest To restore 25,000 ha of forests with 25
million trees
25 million trees 11
Eden reforestation
program
Eden reforestation To plant a minimum of 500 million trees
each year until 2025
(1 million) 12
One Tree planted One Tree Planted No commitment (4 million) 13
The Arbor Day
Foundation
The Arbor Day Foundation No commitment (350 million) 14
Tree Sisters Tree Sisters To plant 1 billion trees annually (12 million) 15
Regional EU Green Deal/
Biodiversity
Strategy
European Commission To plant 3 billion trees by 2030 3 billion trees 16
AFR100 NEPAD (k), African Union To restore 100 million ha of degraded
land in Africa by 2030
100 million ha 17
Great Green Wall UNCCD, African Union To restore 100 million ha of degraded
land across the Sahel region by 2030
100 million ha 18
ECCA30 IUCN, UNECE(l),
FAO (m), WRI (n)
Bring 30 million ha of degraded land in
Europe, the Caucasus, and Central
Asia into restoration by 2030
30 million ha 19
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economic investments in several nations.
A key point in all these programs is the focus on numbers—
planting billions of seedlings with the aim of achieving millions
of trees (Table 1). However, apart from putting effort into plant-
ing trees, it is important to think about how to ensure that the
seedlings that we plant today will become trees several decades
later. Maintenance of reforested sites is uncommon beyond a
few months, affecting the long-term success of the restoration
programs (Kodikara et al. 2017; Brancalion et al. 2019; Howe
et al. 2020). The main commitments related to forest restoration
strongly emphasize the economic activity that planting trees will
generate and how this translates into jobs, green investments,
and local livelihoods. These objectives are absolutely needed
and praiseworthy, but to create ecological and economic rich-
ness and welfare we first need to focus on what we will get after
reforestation, how to make sure that planted trees grow safely
once past the seedling stage, and how to guarantee that the
resources spent on restoration programs help to deliver the
objectives that we expect from the moment the tree is planted.
In summary, we need to focus on the efficiency of reforestation
and forest restoration programs.
Efficiency is a central parameter in any human activity where
the economy is involved, including agroforestry production,
farming, and other activities of the primary sector (e.g. Kumar
et al. 2020). However, it is rarely considered in forest restoration
or reforestation programs. It is true that the efficiency of ecosys-
tem restoration is hard to measure, especially when considering
that restoration goals are characterized by long-term deployment
and uncertainties, must respond to short-term “emergency”
requests (e.g. following catastrophic disturbances), and that the
efficiency itself should be evaluated with respect to ecosystem
services whose biophysical assets and economic value are hard
to define. However, improving efficiency should be of strategic
importance for forest restoration—particularly if we seek to
restore forests at such large and global scales—given its impact
on resource investment, ecological success, and social accep-
tance (Higgs 1997).
The pressure for optimizing efficiency has even given rise to
the development of new concepts revolving around the term
“precision,” such as “precision agriculture,” “precision for-
estry,” or “precision fishery” (e.g. Srinivasan 2006; Fardusi
et al. 2017). Overall, these concepts seek to take advantage of
novel technologies to increase the efficiency of their respective
activities via the reduction of costs and increases in productivity
and small-scale accuracy of all processes. Traditional forest res-
toration, however, differs greatly from this perspective.
Although technology is present in reforestation activities, it is
mostly devoted to the production of plants and to large-scale
preparation of the planting site with heavy machinery (e.g. soil
scarification, hole digging, postdisturbance management; Löf
et al. 2016; Brancalion et al. 2019; Masarei et al. 2021), but with
little consideration for microscale factors and the fate of seed-
lings once the plants are under field conditions. Such large-scale
approaches may even create additional disturbances in the area
to be restored, which may also translate into negative impacts
on the ecosystem and on the restoration itself (e.g. Löf
et al. 2016; Leverkus et al. 2021a).
Here, we advocate for the development and application of the
concept of “precision forest restoration” (PFR), which we
define as “a combination of knowledge, technologies, and
methodologies from the landscape scale to the individual-plant
scale to increase the success of each planted or sowed tree while
minimizing the disturbance in the area to be restored.” The set
of knowledge, technologies, and methodologies used may
include a wide spectrum of practices, from the most traditional
and low-tech of them to the latest high-tech advances (Table 2).
Although a restoration program may include thousands of hect-
ares and needs to work at large spatial scales, the focus of a pre-
cision restoration approach should be each particular seedling
regardless of the spatial extent considered. Of course, the objec-
tive of forest restoration should be to create a healthy and func-
tional forest ecosystem, and in this sense the ultimate focus
should be the forest and its dynamic at a landscape scale. All
of this is already discussed in other recent approaches for forest
restoration, such as forest landscape restoration, the target plant
concept, the framework species method, or the very concept of
restoration ecology (SERI 2004; Stanturf et al. 2014; Dumroese
et al. 2016; Florentine et al. 2016; Di Sacco et al. 2021). Our
proposal of a PFR approach seeks to work in the same direction,
but concentrating on the whole set of environmental factors
(biotic and abiotic) that determine plant performance once the
plants are facing field conditions. The PFR concept is inspired
Table 1. Continued
Scale Agreement or Initiative
Leader(s)




Initiative 20  20 17 national governments
across Latin America
and the Caribbean
To restore 20million ha of degraded land
in Latin America and the Caribbean
by 2020
20 million ha 20
Agadir Declaration FAO To restore 8 million ha of degraded land
in the Mediterranean region by 2030
(endorsed by 10 countries)
8 million ha 21
Regreening Africa Regreening Africa To reverse land degradation on 1 million
ha by 2022 in Sub-Saharan Africa
(endorsed by 8 countries).
1 million ha 22
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by the principles of precision agriculture in the sense that it
seeks to increase efficiency and decrease environmental and
economic cost (St-Denis et al. 2018). However, its focus is
beyond short-term measurable economic profit, as the main
goal should be to create healthy ecosystems with high resis-
tance and resilience to disturbances that may resume their
maximal provision of ecosystem services of all kinds and func-
tion without further human intervention as soon as possible.
Furthermore, a PFR approach does not rely exclusively on the
application of cutting-edge technologies, but rather on the
appropriate combination of low-tech and high-tech solutions
to increase restoration success.
Table 2. Summary of the main knowledge, technologies, and methodologies that can be used to overcome the problems associated with forest restoration suc-
cess from a precision forest restoration approach for each of the five critical steps considered in this work.
Step Main Objective Knowledge, Technologies, and Methodologies
Site and species
selection
To select appropriate species and seed sources. To find
suitable planting or sowing niches from the macroscale
to the individual plant scale. To delimit areas where
natural regeneration makes planting or seeding
unnecessary, or where natural regeneration can be
managed to support forest restoration.
Local and expert knowledge on native communities.
Classical vegetation maps. Species distribution
modeling under current and forecasted conditions.
Remote sensing: hyperspectral, multispectral, and RGB
imagery obtained from satellites, manned and
unmanned aerial vehicles (e.g. drones), or handed
sensors, and airborne and terrestrial LIDAR. Digital
elevation models. Habitat suitability and abundance
models driven by high-resolution remote sensing data.
Ecohydrological models. Network analysis and
landscape connectivity modeling. Artificial intelligence
(particularly machine learning and deep learning).
Site preparation To improve microsite conditions (at individual plant level)
for increasing establishment success.
Soil mechanical preparation. Hydrogels to retain moisture.
Underground porous vessels with water. Organic
amendments. Use of artificial shelters to reduce
microclimatic harshness at individual plant scale.
Inoculation with mycorrhizal fungi. Mulching (with
different materials: straw, wood chips, gravel, etc.).
Manual weeding. Localized herbicide application. Eco-
hydrological corrections at landscape level.
Construction of microcatchments and other water runoff






To choose seedling planting or direct seeding according to
species and site characteristics. Protection of seeds
against seed predators may be necessary in case of direct
seeding.
Technologies for appropriate seed production, collection,
and processing (not considered explicitly in this
summary). Technologies for production of quality
seedlings in nurseries (not considered explicitly in this
summary). Physical individual seed protectors. Seed
coating with deterrents (chemical substances, odors
from carnivores, etc.). Deep planting or sowing. Remote
sensing and artificial intelligence to map appropriate





To take advantage of positive ecological interactions that
drive succession towards mature forests.
Promotion of seed dispersers’ populations (corridors,
perches, reintroductions, etc.). Concentration of efforts
to recover remaining trees that act as seed sources. Use
of nurse shrubs to improve microsite characteristics. Use
of nurse structures and biological legacies to improve
microsite characteristics. Remote sensing and artificial
intelligence to get highly-precise maps of legacies that




To ensure that seedlings become a reproductive tree. Associational defense with nurse plants. Nurse structures
that provide physical protection against herbivores (e.g.
pile of branches). Use of treeshelters to reduce
microclimatic harshness at individual plant scale.
Fences (particularly small fences [dozens of square
meters] or individual fences). Remote sensing and
artificial intelligence to map protected microsites.
Watering (application of emergency irrigations).
Microwatering (subsurface localized micro-irrigation).
Weeding. Field and remote sensing-based monitoring of
seedling development, water stress, and soil moisture to
guide plant care and adaptive management.
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We seek to offer a summarized guide for the implementation
of a PFR approach comprising five critical steps for the estab-
lishment of trees planted in the field as seedlings or seeds. These
are: (1) site and species selection, (2) site preparation, (3) decid-
ing between planting or direct seeding, (4) the promotion of pos-
itive ecological interactions that boost restoration, and (5)
postplanting care (Table 2). Successful forest restoration also
involves other key components, such as the removal of degrada-
tion factors if they persist in the target area, seed provisioning
and handling, seedling production in nurseries, or social and
legal aspects (e.g. Stanturf et al. 2014; Brancalion & Holl 2020;
Erickson & Halford 2020; Di Sacco et al. 2021). Nonetheless,
our proposal for a PFR approach will focus on the ecological
principles that need to be considered to increase the success of
each particular seedling once they are facing the complete set
of environmental—and uncertain—field conditions. We
assume, therefore, that restoration will occur in sites previously
occupied by native forest avoiding undesirable afforestation,
that the factors contributing to degradation are controlled, that
plants or seeds have the required quality, and that social and
legal aspects are properly considered. Our focus is the restora-
tion of native forests, but the concept can be applied to any other
field of ecological restoration. For simplicity, we will use the
terms forest restoration and reforestation interchangeably.
Precision Forest Restoration
Step 1: Site and Species Selection
Once the area to be restored has been set, restoration projects
should take account of fine-grained determination of landscape
heterogeneity in all of the five aforementioned critical steps
(Fig. 1). Mapping suitable sites at the individual-plant scale
was hard to implement a few years ago due to high costs, low
data precision, or both. However, current remote sensing tech-
nologies and products offer a resolution for decision-making
process at the scale of meters or centimeters and at affordable
costs. The many advances in microsite ecology arising from
remote sensing (Zellweger et al. 2019) can be used, for exam-
ple, to map wind-protected habitats for seedling establishment
(Questad et al. 2014) or soil conditions and bedrock fractures
that reduce water stress (Guirado et al. 2018). Ecological niche
modeling can help to determine the suitable conditions for
planting or sowing a particular species from the historical
dynamics of satellite-derived high-resolution ecosystem func-
tioning variables (Alcaraz-Segura et al. 2017; Arenas-Castro
et al. 2019), such as land surface temperature (e.g. Bobrowski
et al. 2018); canopy water content and photosynthetic activity
(e.g. Vila-Viçosa et al. 2020); vegetation structure (Betbeder
et al. 2017); or soil moisture, texture, and salinity (Kim
et al. 2020). Finally, artificial intelligence, in particular deep
learning, can boost these tasks through the exploitation of peta-
bytes of remote sensing data, such as in the detection and
counting of seedlings or adult crowns (Buters et al. 2019;
Albuquerque et al. 2020), the identification of tree species (Egli
& Höpke 2020), and the detection of scattered trees (Brandt
et al. 2020; Guirado et al. 2021) that could serve for
postdisturbance regeneration. In summary, the fusion of
remote sensing, ecological niche modeling, and artificial intel-
ligence may help to identify the appropriate locations (e.g.
microsite selection) and the appropriate time (e.g. by taking
into account the historical and forecasted dynamics) for sowing
or planting, thus adapting restoration to the fine-scale variation
of environmental conditions (Cordell et al. 2017; Reif &
Theel 2017).
Site selection cannot be dissociated from species selection, as
the latter will impose the necessary requirements for each partic-
ular site, either at the landscape or microhabitat scale. In this
sense, combining social, technical, and ecological knowledge
and modeling of current species distributions and forecasted
habitat suitability under future global change scenarios can be
used to guide species selection (Gaston et al. 2014; Meli
et al. 2014; Alcaraz-Segura et al. 2017). It is also important to
consider that natural regeneration might be enough to guarantee
forest recovery and at a lower cost (Chazdon&Guariguata 2016;
Brancalion et al. 2019). Thus, a prior survey of the natural regen-
eration at the target site should be done, which can be conducted
with field inventories and remote sensing. Artificial intelligence
may further boost and enhance this task (e.g. Brandt et al. 2020;
Guirado et al. 2021).
Step 2: Site Preparation
Proper preparation of the site for planting or seeding is critical
for seedling establishment (Löf et al. 2016; Cardoso
et al. 2020). Generally, the harsher the environment in regards
to climatic and edaphic parameters, the greater the need for thor-
ough soil preparation. One of the fundamental objectives of a
PFR approach should be to reduce the impact of reforestation
on the existing native community, which in many cases will be
composed of early-successional species and may potentially
have high biodiversity. In this sense, methods for soil prepara-
tion should be applied at plant scale, not extensively, and with
the gentlest possible technologies which in addition try to take
advantage of environmental clues that favor establishment
(e.g. Fig. 2). The use of heavy machinery in particular should
be restricted to sites where its impact is admissible, such as
accessible sites with low slopes, set-aside lands, agroforestry
systems, mining areas, and others. From a PFR perspective a
first task should be to determine a priori the suitability of the soil
at the meso (landscape features) and micro (individual plant)
scales in order to choose appropriate sites and/or points in which
seedlings or seeds should be placed, and to adapt soil to neces-
sary preparations. Direct sampling of soil parameters prior to
restoration would be a desirable measure, though it could rarely
be done at a spatial scale large enough to map the selected sites.
Remote sensing technologies may help to guide this task, for
example, by using current and historical drivers such as topogra-
phy, hydrological processes, soil moisture and temperature, pri-
mary production dynamics, or potential competition from
herbaceous or invasive species (Reif & Theel 2017; Vaz
et al. 2018; Reis et al. 2019) to select the best sites at both the
landscape and microhabitat scale.
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Step 3: Deciding Between Planting or Direct Seeding
Most forest restoration programs are based on the outplanting of
seedlings previously produced in nurseries, whereas direct seed-
ing is a minority activity (e.g. Jalonen et al. 2018). Seedling plant-
ing has the advantage of a higher survival rate, faster growth (at
least in the initial stages), and to avoid seed predation (Palma &
Laurance 2015; Leverkus et al. 2021b). However, the use of
planting as a reforestation method may impair the development
of the root system, particularly in species that produce a taproot.
In such cases, it is common that this central, deep root cannot
develop properly if the seedling is cultivated in a nursery,
suffering a number of deformities in comparison to naturally
regenerated plants or plants obtained from direct seeding (Löf
et al. 2019; Fig. 3A). This may produce a lower rooting depth
and hence reduced water acquisition (Zadworny et al. 2014),
which could reduce forest resistance and resilience to distur-
bances such as drought or pests. In addition, direct seeding
reduces the impact of working operations, the risk of transferring
plant diseases from nurseries to the field, as well as the costs in
relation to outplanting (Palma & Laurance 2015; Raupp
et al. 2020; see also Pérez et al. 2019 for shrubby species). Unfor-
tunately, studies analyzing the long-term consequences of
1) Remotely sensed-derived data of historical and
current environmental drivers from macro to
2) Searching of suitable areas and landscape
microscale (e.g. topography, soil moisture, 
spectral vegetation indices, VHR and RGB 
images, LIDAR point clouds, etc.)
4) Performing precise restoration tasks (e.g. instructed workers or sowing drones to place propagules in the
3)
center of the selected spiny shrubs and biological legacies as dead or burnt piles of branches).
elements for forest restoration at the landscape 
scale and of microsites at the local scale with 
the aid of ecological models, geographic 
information systems, or artificial intelligence 
(e.g., appropriate topography, deep soils that 
maintain high soil moisture, thorny shrubs, 
post-disturbance biological legacies, etc.)
Screening and selection of targeted planting or seeding microsites in the field with the help of ecological
Site 1 Site 2
Site 3
knowledge, ecological models, or artificial intelligence models (e.g. most suitable spiny shrubs and biological 
legacies at appropriate spatial distribution) 
Figure 1. How remote sensing, modeling, and artificial intelligence may be combined for a precision restoration approach.
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planting versus direct seeding for tree performance are virtually
nonexistent (but see Zadworny et al. 2014). As a rule of thumb
(although taken with caution due to the lack of studies), it is likely
that the impact of planting versus direct seeding on the root sys-
tem will increase with greater water stress in the restored site. In
the same way, restoration success with direct seeding may
increase in species with higher seed mass (Palma & Laur-
ance 2015; Passaretti et al. 2020), a fact that may be motivated
by a higher nutrient supply to the seedling or an increased likeli-
hood that species producing large seeds also generate tap or dee-
per roots (Passaretti et al. 2020). In any case, the combination of
remote sensing and highly precisely guided unmanned vehicles
such as drones now offer the possibility of expanding the use of
direct seeding to large areas and to places where outplanting
would be very costly and even impractical (Fig. 2A), opening a
new field of research and practice based in a PFR approach.
The implementation of artificial intelligence in this process might
further boost its applicability and efficiency (Fig. 1).
The use of direct seeding as a reforestationmethodmay require
the protection of seeds from seed predators (Löf et al. 2019).
Strong efforts have been made in recent years to develop non-
lethal and nontoxic methods at individual-seed scale to control
seed predators, resulting in the development of several devices
and the creation of several patents (e.g. Löf et al. 2019; Fig. 3A,
inset). Protection against seed predators may also be achieved
through the combination of different methodologies focused on
different guilds of animals. For instance, the use of individual
seed protectors against rodents can be coupled with the selection
of sowing points below physical barriers, such as thorny shrubs or
dead branches, for protection from larger animals (Leverkus
et al. 2015; Fig. 2A). In summary, successful restoration via direct
seeding is now feasible at large scales, and its combination with
different technologies (seed protection, drone seeding, etc.) may
substantially increase the precision and efficiency of forest resto-
ration while reducing costs.
Step 4: Promoting Positive Ecological Interactions
Restore Key Plant–Animal Interactions That Drive Forest
Recovery. There are ecological interactions that may foster
forest recovery through secondary succession, and a precise
Figure 2. Examples of technologies and methodologies of interest for a PFR
approach and how low-tech to high-tech and ecological knowledge can be
combined. (A) Direct seeding can be implemented with the help of remote
(Figure legend continues on next coloumn.)
(Figure legend continued from previous coloumn.)
sensing and drones: microsites suitable for sowing can be located with high-
resolution information derived from remotely sensed images, and the system
can be further trained with the help of artificial intelligence to locate very
specific spots (e.g. clumps of particular species that offer protection against
herbivores). (B) Soil preparation can be accomplished with minimal
disturbance (e.g. a small mechanical augur), selecting sites that maximize
chances for seedling establishment. For example, direct seeding or planting
can be done within remnants of biological legacies such as dead branches.
This provides microclimatic amelioration, nutrient supply through
decomposition, and protection against herbivores. (C) Protection of plants
against herbivores can also be achieved with individual fences. Pictured is a
patented device (protector “Cactus”) useful against large herbivores. Cut or
dry branches can be added around the device to make the point less
accessible (in this case, branches of Araucaria).
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Figure 3. Some aspects that need to be considered for a successful restoration. (A) Cultivating seedlings in forestry containers may cause a deterioration of the
root system after outplanting, particularly in the case of species that produce a taproot. Pictured is a Holm oak plant 3 years after transplantation, previously
cultivated in 300 mL containers. Direct seeding may be a solution for the proper development of the taproot, but the seed may need protection against predators.
In the inset, a seed shelter (a patented device) is used to protect the seed against rodents for direct seeding, providing conditions for a proper taproot development.
(B) The creation of small nuclei of trees in suitable microsites and the maintenance of their protection until they reach a minimum size to be safe from most
common environmental hazards may be more effective than widespread plantation. In the picture are a few trees recruited with 100% success in spots with higher
soil moisture content and strong protection against herbivores with individual fences. Isolated trees in the background were also planted following a PFR
approach. The distribution of trees currently allows for natural regeneration at the landscape level. (C) Natural recruitment of a maple (Acer granatensis), a highly
palatable plant, within an individual juniper (Juniperus communis). This is a common pattern observed in the distribution area of the species, and might be
emulated in restoration programs. (D) Natural recruitment of a wild olive tree within a palm (Chamaerops humilis), a plant that also offers protection against
herbivores.
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knowledge of the factors that determine them is necessary to
boost restoration. For example, acorn dispersal by the Eurasian
jay helps to restore native oak forests after fires. However, the
jays do not cache acorns in the areas where postfire salvage log-
ging (the removal of burnt trees, a common management prac-
tice after fires) is carried out, therefore blocking the positive
effect of the bird (Castro et al. 2012). Thus, it might be more
important to focus on the restoration or preservation of this inter-
action than to plan a widespread planting program.
Besides caring for the maintenance or recovery of the popula-
tions of the disperser, it is also necessary to have a minimum of
scattered nuclei or individual trees in the landscape that act as
seed sources. Therefore, another PFR approach could be to con-
centrate efforts in creating such nuclei or promoting those that
remain in the landscape (Holl et al. 2019; Shaw et al. 2020),
including fencing (protection against herbivores), pruning, fertil-
ization, irrigation, elimination of weed competition, or any other
action that can accelerate the growth of trees (Fig. 3B). Other
approaches to foster seed dispersal could be the distribution of
artificial perches or piles of branches to attract dispersers (Vogel
et al. 2018; Castillo-Escrivà et al. 2019; La Mantia et al. 2019),
the maximization of the presence of species that produce attrac-
tive fruits for seed dispersers early after planting and/or continu-
ously throughout the year (De Almeida & Viani 2021), to
increase the connectivity between nuclei (Lindell et al. 2013;
Peña-Domene et al. 2016), offering seeds of interest to the dis-
persers in feeders (Silva et al. 2020), or even the reintroduction
of the disperser (Genes et al. 2018; Mittelman et al. 2020). In
summary, accounting for the role of seed dispersers and precise
mapping of biological legacies (see Step 1) may be key for the
success of forest restoration, so we need to know with precision
the functioning of the system in order to plan proper measures.
Nurse-Based Restoration. The positive effects provided by
nurse plants may be useful for forest restoration (Gomez-Apari-
cio 2009; Rey et al. 2009). The benefits of nurse plants for forest
restoration basically come from two factors: reduction of envi-
ronmental stress (mostly drought and radiation stress) and the
reduction of herbivore damage (mostly browsing) (Gomez-Apar-
icio et al. 2008; Anthelme et al. 2014; Fig. 3C & 3D). In this
sense, it is critical to determine the functional traits that boost
positive interactions and minimize interference between the ben-
efactor (nurse) and the beneficiary plants. Overall, life-form dis-
parity, larger functional distances, or larger phylogenetic
distances (parameters that may be highly interrelated) tend to
increase the benefit provided by this approach (Gomez-Aparicio
et al. 2004; Verdú et al. 2012; Navarro-Cano et al. 2019). In any
case, the benefit of nurse-based reforestation may be determined
by the management planned for the focal plants in the future. In
cases where little care will be paid to the site after the reforesta-
tion, the use of nurse plants will be more important. If, however,
we plan to take care of the restoration by applying some emer-
gency irrigation, control of herbaceous competition, and others,
the need for nurse plants may be reduced. In this sense, nurse-
based restoration gains relevance with increased environmental
constraints (the stress-gradient hypothesis), such as soil
degradation, water stress, or herbivore pressure (e.g. Gomez-
Aparicio et al. 2004; Liu et al. 2013; Anthelme et al. 2014).
Fast growing trees can also be used as nurse plants to prompt
the restoration of other target tree species in environments with
strong competition from grasses, as in tropical and temperate
ecosystems (Löf et al. 2014; De Almeida & Viani 2019). Nurse
trees, when established with crown coverage, can reduce com-
peting vegetation and simultaneously protect seedlings against
late spring frost and improve stem form of slow-growing and
often shade-tolerant target tree species (Pommerening & Mur-
phy 2004; Löf et al. 2014). However, a few years after it has sup-
ported the early establishment of the target species, the nurse
trees may compete strongly and thereby potentially harm the tar-
get species if not thinned or removed.
Another alternative is the use of nurse structures, for example,
inert features or dead biological legacies such as stones, snags,
or cut branches from pruning (Castillo-Escrivà et al. 2019; Oreja
et al. 2020). Of particular relevance, both for its abundance at a
global scale and its ease of management, is the use of dead wood
after wildfires or insect outbreaks as a nurse structure (Fig. 2B).
As they are not living items, dead logs and branches are not a
source of competition, but improve the microclimate for the
focal plants, provide nutrients through decomposition, and
may reduce herbivory by acting as a physical barrier (Cas-
tro 2013; Marañon-Jiménez & Castro 2013; Marcolin
et al. 2019; Fig. 2B). However, dead wood is usually removed
in massive amounts from the site in postdisturbance manage-
ment plans (Leverkus et al. 2021a). From the point of view of
PFR, by contrast, this is a key element that provides clear advan-
tages for seedling survival and recruitment.
Step 5: Postplanting Care
Protection Against Herbivores. Damage by herbivores
(mostly insects, rodents, and large mammals) is one of the most
important reasons for failure in the success of reforestation pro-
grams and natural forest regeneration (Anthelme et al. 2014;
Lopez-Sanchez et al. 2019; Garcia et al. 2020; Howe
et al. 2020). Thus, to achieve success, control of the herbivore
population or the protection of seedlings and saplings must be
supplied at least until the moment they are large enough to with-
stand the presence of the herbivores.
Protection against large mammal herbivores (browsers) can
be achieved through the use of nurse plants, as described earlier,
which may act as physical barriers or chemical deterrents (based
on the “associational resistance” or “associational refuges” con-
cept; Callaway 2007; Stutz et al. 2015). Another alternative is
the use of nurse structures or other biological legacies, such as
dead branches (Fig. 2B). However, effective protection over
time only occurs when the focal plant is completely surrounded
by the nurse plant or structure, blocking access from the browser
(García et al. 2000; Gomez et al. 2001). Thus, for effective res-
toration, it is necessary to ensure that the plant or seed is placed
within a site that the herbivore cannot reach for years. This can
be done by traditional manual procedures (reaching the inner
part of the nurse plant or structure), but today this can also be
achieved with high-tech approaches at microscale level, such
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as the above-mentioned direct seeding with drones that spread
the seeds inside clumps of branches, large thorny shrubs, or
any other protective structure, which can be mapped at high pre-
cision with very high-resolution imagery (Figs. 1 & 2A). Protec-
tion from large mammals can also be obtained with artificial
structures. As in the case of natural elements, maintenance of
this protection must be ensured until the apical shoots of the
plant are out of reach of the herbivores. Large fences (enclosing
a significant portion of the territory) are a classic solution,
though they are expensive and may impact other fauna and eco-
system functioning in general (Smith et al. 2020). The negative
impact of fences is notably reduced in cases where they enclose
reforested clusters of small size (e.g. fenced patches of a few
hundred square meters distributed throughout the territory).
Finally, individual fences are an effective solution that is costly
on a per plant basis, but that can be concentrated in a much smal-
ler number of seedlings or saplings (Fig. 3B). They can be built
easily with iron or wooden pikes and wire mesh, and can also be
acquired on the market (there are models patented; Fig. 2C).
They have to be removed once the tree is safe from browsing,
but a few dozen per hectare can be enough to start a functional
forest. These fences have the additional advantage that they
can be built with a mesh size that blocks access from small
rodents, including those that excavate tunnels (e.g. voles and
gophers) if they are inserted into the ground to certain depth.
Leaf-cutting ants are a major factor in forest restoration fail-
ure in the neotropical systems in particular (Garcia et al. 2020
and references therein). They have traditionally been controlled
with insecticides and fungicides, but there are currently relevant
advances in the use of more environmentally friendly methods
such as those based on plant extracts or push-pull strategies
(Della Lucia et al. 2020; Perri et al. 2021).
Artificial Watering. Water stress is one of the main causes of
reforestation failure in large areas of the planet. Some of the
measures mentioned above, such as appropriate site selection
and preparation, the use of nurse plants, nurse structures, ade-
quate root development, removal of herbaceous cover, and
others, can reduce mortality by drought. However, if feasible,
providing water to the seedlings during the first year of estab-
lishment will be the most straightforward way to increase plant
survival and growth in environments with acute water limita-
tions. The amount of water to be added will depend on the refor-
ested species and the characteristics of the area (climate, soil
type, etc.). Although there is very little information on the min-
imum thresholds that should be added, and the increase in sur-
vival that could be expected, the addition of an equivalent to
approximately 20 to 50 L per m2 of water during the dry season,
evenly distributed in at least two periods, has repeatedly demon-
strated to increase establishment success of different tree species
in dry ecosystems (Mendoza et al. 2009; Siles et al. 2010). In
certain cases, the irrigation could be applied using heavy
machinery such as tractors with water tanks, for example in
set-aside lands or agroforestry systems, or in general in any
place where previous human intervention has created a system
of gravel roads and other facilities that we can take advantage
of for restoration. This, in addition, may expand the area suitable
for restoration at the landscape level, concentrating the planting
points that will not receive water in landscape units with higher
moisture availability and expanding the reforestation to sites
where watering can be affordable.
Monitoring. Postplanting or seeding care may start from the
very moment of site preparation, such as by providing protection
against herbivores, adding hydrogels to retain water, etc.
(Table 2), but it is a process that ideally requires monitoring
through time. For example, the need for irrigation or protection
from herbivores may be variable depending on the environmen-
tal conditions of the site and of each particular year. Moreover,
as an undesirable side effect, site preparation or irrigation can
result in an increase in herbaceous coverage (which will respond
quickly to microsite improvement), so it can have an indirect
negative effect by promoting competition (but see, e.g. St-Denis
et al. 2018 for cases of a positive effect of the herbaceous cover).
Those changes will also be variable and will require different
postcare management strategies as the situation evolves. It is
therefore preferable that plants be monitored as much as possi-
ble. This task is virtually impossible at a large scale without
the implementation of novel technologies. Under a PFR per-
spective, a full set of remote sensing and artificial intelligence
techniques can be used to monitor restoration performance and
guide plant care in the pursuit of increasing success and effec-
tiveness (Almeida et al. 2019; Camarretta et al. 2019; Reis
et al. 2019). Should a problem be detected, more manual proce-
dures at the precise location can be implemented, such as local-
ized watering, weeding, or management of herbivore pressure
(Fig. 1). This approach offers the additional positive effect of
generating the required conditions to implement adaptive man-
agement (Camarretta et al. 2019).
Conclusions
The classic reforestation approach has largely considered plant-
ing to be the final step of forest restoration processes. We sug-
gest that to restore large areas of forests globally we need to
facilitate the growth of resilient adult trees into the near future,
with an ecological and landscape structure that allows for the
functioning of further natural succession. There is no sense in
planting trees or sowing seeds if we do not protect the plants
from the hazards that they will face from the very moment that
they are placed in the field, and which will persist for years or
decades. In this sense, our call for a PFR approach would help
to increase restoration efficiency, as it puts the focus on increas-
ing the success of each particular plant once they are in the field
while minimizing costs and negative side effects. PFR can be
seen as a logical consequence of the development of techniques
and methodologies to which the ecological restoration and
nature conservation sector has recently gained access, together
with the guidance of the deep knowledge of the ecological pro-
cesses that operate in forest communities.
In summary, we advocate for a PFR approach to restore for-
ests. This may imply greater initial costs per plant, but ultimately
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will be more efficient in both ecological and economical terms if
we substantially increase the probability of getting adult (repro-
ductive) trees in the future with the appropriate landscape distri-
bution to promote succession. For that, it might be better to
ensure the establishment a few dozen trees per hectare instead
of planting hundreds of them with uncertain futures. There is
currently great social and political momentum to restore forests,
but the chances for failure are immense if precise care of the
trees is not taken. If this were to happen, we would lose a great
social, emotional, and ecological opportunity. Efforts to ensure
the success of forest restoration are now more of a priority than
ever.
Acknowledgments
We thank S. Tabik, E. Guirado, and Garnata Drone SL for fruit-
ful debates about the application of remote sensing and artificial
intelligence in restoration. E. McKeown looked over the English
version of the manuscript. Original drawings were made by J. D.
Guerrero. This work was supported by projects RESISTE (P18-
RT-1927) from the Consejería de Economía, Conocimiento, y
Universidad from the Junta de Andalucía, and AVA201601.19
(NUTERA-DE I), DETECTOR (A-RNM-256-UGR18), and
AVA2019.004 (NUTERA-DE II), cofinanced (80%) by the
FEDER Program. F.M.-R. acknowledges the support of the
Agreement 4580 between OTRI-UGR and the city council of
La Zubia. We thank an anonymous reviewer for helpful com-
ments that improved the manuscript.
LITERATURE CITED
Albuquerque RW, Costa MO, Ferreira ME, Carrero GC, Grohmann CH (2020)
Remotely piloted aircraft imagery for automatic tree counting in forest res-
toration areas: a case study in the Amazon. Journal of Unmanned Vehicle
Systems 8:207–223
Alcaraz-Segura D, Lomba A, Sousa-Silva R, Nieto-Lugilde D, Alves P,
Georges D, Vicente JR, Honrado JP (2017) Potential of satellite-derived
ecosystem functional attributes to anticipate species range shifts. Interna-
tional Journal of Applied Earth Observation and Geoinformation 57:86–92
Almeida DRA, Broadbent EN, Zambrano AMA, Wilkinson BE, Ferreira ME,
Chazdon R, et al. (2019) Monitoring the structure of forest restoration plan-
tations with a drone-lidar system. International Journal of Applied Earth
Observation and Geoinformation 79:192–198
Anthelme F, Gomez-Aparicio L, Montúfar R (2014) Nurse-based restoration on
degraded tropical forests with tussock grasses: experimental support from
the Andean cloud forest. Journal of Applied Ecology 51:1534–1543
Arenas-Castro S, Regos A, Gonçalves JF, Alcaraz-Segura D, Honrado J (2019)
Remotely sensed variables of ecosystem functioning support robust predic-
tions of abundance patterns for rare species. Remote Sensing 11:2086
Betbeder J, Laslier M, Hubert-Moy L, Burel F, Baudry J (2017) Synthetic aper-
ture radar (SAR) images improve habitat suitability models. Landscape
Ecology 32:1867–1879
Bobrowski M, Bechtel B, Böhner J, Oldeland J, Weidinger J, Schickhoff U
(2018) Application of thermal and phenological land surface parameters
for improving ecological niche models of Betula utilis in the Himalayan
region. Remote Sensing 10:814
Brancalion PHS, Holl KD (2020) Guidance for successful tree planting initia-
tives. Journal of Applied Ecology 57:2349–2361
Brancalion PHS, Meli P, Tymus JRC, Lenti FEB, Benini RM, Silva APM,
Isernhagen I, Holl KD (2019) What makes ecosystem restoration
expensive? A systematic cost assessment of projects in Brazil. Biological
Conservation 240:108274
BrandtM, Tucker CJ, Kariryaa A, Rasmussen K, Abel C, Small J, et al. (2020) An
unexpectedly large count of trees in the West African Sahara and Sahel.
Nature 587:78–82
Buters TM, Belton D, Cross AT (2019) Multi-sensor UAV tracking of individual
seedlings and seedling communities at millimetre accuracy. Drones 3:81
Callaway RM (2007) Positive interactions and interdependence in plant commu-
nities. Springer, Dordrecht, The Netherlands
Camarretta N, Harrison PA, BaileyT Potts B, Lucieer A, Davidson N, Hunt M
(2019) Monitoring forest structure to guide adaptive management of forest
restoration: a review of remote sensing approaches. New Forests 51:573–596
Cardoso JC, Burton PJ, Elkin CM (2020) A disturbance ecology perspective on
silvicultural site preparation. Forests 11:1278
Castillo-Escrivà A, Lopez-Iborra GM, Cortina J, Tormo J (2019) The use of
branch piles to assist in the restoration of degraded semiarid steppes. Res-
toration Ecology 27:102–108
Castro J (2013) Postfire burnt-wood management affects plant damage by ungu-
late herbivores. International Journal of Forestry Research 2013:965461
Castro J, Puerta-Piñero C, Leverkus AB, Moreno-Rueda G, Sanchez-Miranda A
(2012) Post-fire salvage logging alters a key plant-animal interaction for
forest regeneration. Ecosphere 3:90
Chazdon RL, GuariguataMR (2016) Natural regeneration as a tool for large-scale
forest restoration in the tropics: prospects and challenges. Biotropica 48:
716–730
Cordell S, Questad EJ, Asner GP, Kinney KM, Thaxton JM, Uowolo A, Borroks S,
ChynowethMW(2017)Remote sensing for restoration planning: how the big
picture can inform stakeholders. Restoration Ecology 25:147–154
De Almeida C, Viani RAG (2019) Selection of shade trees in forest restoration
plantings should not be based on crown tree architecture alone. Restoration
Ecology 27:832–839
De Almeida C, Viani RAG (2021) Non-continuous reproductive phenology of
animal-dispersed species in young forest restoration plantings. Biotropica
53:266–275
Della Lucia TMC, Gandra LC, Guedes RNC (2020) Managing leaf cutting ants:
peculiarities, trends and challenges. Pest Management Science 70:14–23
Di Sacco A, Hardwick KA, Blakesley D, Brancalion PHS, Breman E, Rebola LC,
et al. (2021) Ten golden rules for reforestation to optimize carbon seques-
tration, biodiversity recovery and livelihood benefits. Global Change Biol-
ogy 27:1328–1348
Dumroese RK, Landis TD, Pinto JR, Haase DL,Wilkinson KW, Davis AS (2016)
Meeting forest restoration challenges: using the target plant concept. Refor-
esta 1:37–52
Egli S, Höpke M (2020) CNN-based tree species classification using high resolu-
tion RGB image data from automated UAV observations. Remote Sensing
12:3892
Erickson VJ, Halford A (2020) Seed planning, sourcing, and procurement. Resto-
ration Ecology 28:S219–S227
Fagan ME, Reid JL, Holland MB, Drew JG, Zahawi RA (2020) How feasible are
global forest restoration commitments? Conservation Letters 13:e12700
FAO (2020) The state of the world’s forests 2020. FAO, Rome, Italy
Fardusi MJ, Chianucci F, Barbati A (2017) Concept to practices of geospatial
information tools to assist forest management and planning under precision
forestry framework: a review. Annals of Silvicultural Research 41:3–14
Florentine SK, Pohlman CL, Westbrooke ME (2016) The effectiveness of differ-
ent planting frameworks for recruitment of tropical rainforest species on ex-
rainforest land. Restoration Ecology 24:364–372
García D, Zamora R, Hodar JA, Gomez JM, Castro J (2000) Yew (Taxus baccata
L.) regeneration is facilitated by fleshy-fruited shrubs in Mediterranean
environments. Biological Conservation 95:31–38
Garcia JM, Bordignon AM, Gonzaga GS, Torezan JMD (2020) Tree seedling
responses to leaf-cutting ants herbivory in Atlantic Forest restoration sites.
Biotropica 52:884–895
Gaston A, Garcia-Vinas JI, Bravo-Fernandez AJ, Lopez-Leiva C, Oliet JA,
Roig S, Serrada R (2014) Species distribution models applied to plant
Restoration Ecology 11 of 13
Precision forest restoration
species selection in forest restoration: are model predictions comparable to
expert opinion? New Forests 45:641–653
Genes L, Fernandez FAS, Vaz-de-Mello FZ, da Rosa P, Fernandez E, Pires AS
(2018) Effects of howler monkey reintroduction on ecological interactions
and processes. Conservation Biology 33:88–98
Gomez JM, Hodar JA, Zamora R, Castro J, García D (2001) Ungulate damage on
Scots pines in Mediterranean environments: effects of association with
shrubs. Canadian Journal of Botany 79:739–746
Gomez-Aparicio L (2009) The role of plant interactions in the restoration of
degraded ecosystems: a meta-analysis across life-forms and ecosystems.
Journal of Ecology 97:1202–1214
Gomez-Aparicio L, Zamora R, Gomez JM, Hodar JA, Castro J, Baraza E (2004)
Applying plant facilitation to forest restoration: a meta-analysis of the use
of shrubs as nurse plants. Ecological Applications 14:1128–1138
Gomez-Aparicio L, Zamora R, Castro J, Hodar JA (2008) Facilitation of tree sap-
lings by nurse plants: microhabitat amelioration or protection against herbi-
vores? Journal of Vegetation Science 19:161–172
Guirado E, Alcaraz-Segura D, Rigol-Sanchez JP, Gisbert J, Martínez-Moreno FJ,
Galindo-Zaldívar J, Gonzalez-Castillo L, Cabello J (2018) Remote-sens-
ing-derived fractures and shrub patterns to identify groundwater depen-
dence. Ecohydrology 11:e1933
Guirado E, Blanco-Sacristan J, Rodríguez-Caballero E, Tabik S, Alcaraz-
Segura D, Martínez-Valderrama J, Cabello J (2021) Mask R-CNN and
OBIA fusion improves the segmentation of scattered vegetation in very
high-resolution optical sensors. Sensors 21:320
Higgs ES (1997) What is good ecological restoration? Conservation Biology 11:
338–348
Holl KD, Brancalion PHS (2020) Tree planting is not a simple solution. Science
368:6491
Holl KD, Reid JL, Cole RJ, Oviedo-Brenes F, Rosales JA, Zahawi RA (2019)
Applied nucleation facilitates tropical forest recovery: lessons learned from
a 15-year study. Journal of Applied Ecology 57:2316–2328
Howe AA, Landhäusser SM, Burney OT, Long JN, Violett RD, Mock KE (2020)
Exploring seedling-based aspen (Populus ttremuloides) restoration near
range limits in the Intermountain West, U.S.A. Forest Ecology and Man-
agement 476:118470
Jalonen R, Valette M, Boshier D, Duminil J, Thomas E (2018) Forest and land-
scape restoration severely constrained by a lack of attention to the quantity
and quality of tree seed: insights from a global survey. Conservation Letters
11:e12424
Kim J, Song C, Lee S, Jo H, Park E, Yu H, et al. (2020) Identifying potential veg-
etation establishment areas on the dried Aral Sea floor using satellite
images. Land Degradation & Development 31:2749–2762
Kodikara KAS, Mukherjee N, Jayatissa LP, Dahdouh-Guebas F, Koedam N
(2017) Have mangrove restoration projects worked? An in-depth study in
Sri Lanka. Restoration Ecology 25:705–716
Kumar S, Meena RS, Jhariya MK (eds) (2020) Resources use efficiency in agri-
culture. Springer, Singapore
La Mantia T, Rühl J, Massa B, Pipitone S, Lo Verde G, Bueno RS (2019) Verte-
brate-mediated seed rain and artificial perches contribute to overcome seed
dispersal limitation in a Mediterranean old field. Restoration Ecology 27:
1393–1400
Leverkus AB, Rojo M, Castro J (2015) Habitat complexity and individual acorn
protectors enhance the post-fire restoration of oak forests via seed sowing.
Ecological Engineering 83:276–280
Leverkus AB, Buma B, Wagenbrenner J, Burton PJ, Lingua E, Marzano R,
Thorn S (2021a) Tamm review: does salvage logging mitigate subsequent
forest disturbances? Forest Ecology and Management 481:118721
Leverkus AB, Lazaro-Gonzalez A, Andivia E, Castro J, Jiménez MN,
Navarro FB (2021b) Seeding or planting to revegetate the world’s degraded
land: systematic review and experimentation to address methodological
issues. Restoration Ecology 29. https://doi.org/10.1111/rec.13372
Lindell CA, Reid JL, Cole RJ (2013) Planting design effects on avian seed dis-
persers in a tropical forest restoration experiment. Restoration Ecology
21:515–522
Liu N, Ren H, Yuan S, Guo Q, Yang L (2013) Testing the stress-gradient
hypothesis during the restoration of tropical degraded land using the
shrub Rhodomyrtus tomentosa as a nurse plant. Restoration Ecology 21:
578–584
Löf M, Bolte A, Jacobs DF, Jensen AM (2014) Nurse trees as a forest restoration
tool for mixed plantations: effects on competing vegetation and perfor-
mance in target tree species. Restoration Ecology 22:758–765
Löf M, Ersson BT, Hjältén J, Nordfjell T, Oliet JA, Willoughby I (2016) Site
preparation techniques for forest restoration. Pages 85–102. In:
Stanturf JA (ed) Restoration of boreal and temperate forests. CRC Press,
Boca Raton, Florida
Löf M, Castro J, Engman M, Leverkus AB, Madsen P, Reque JA, Villalobos A,
Gardiner ES (2019) Tamm review: direct seeding to restore oak (Quercus
spp.) forests and woodlands. Forest Ecology and Management 448:
474–489
Lopez-Sanchez A, Pelaez M, Dirzo R, Fernandes GW, Seminatore M, Perea R
(2019) Spatio-temporal variation of biotic and abiotic stress agents deter-
mines seedling survival in assisted oak regeneration. Journal of Applied
Ecology 56:2663–2674
Marañon-Jiménez S, Castro J (2013) Effect of decomposing post-fire coarse
woody debris on soil fertility and nutrient availability in a Mediterranean
ecosystem. Biogeochemistry 112:519–535
Marcolin E, Marzano R, Vitali A, Garbarino M, Lingua E (2019) Post-fire man-
agement impact on natural forest regeneration through altered microsite
conditions. Forests 10:1014
Masarei MI, Erickson TE,Merrit DJ, Hobbs RJ, Guzzomi AL (2021) Engineering
restoration for the future. Ecological Engineering 159:106103
Meli P, Martínez-RamosM, Rey-Benayas JM, Carabias J (2014) Combining eco-
logical, social and technical criteria to select species for forest restoration.
Applied Vegetation Science 17:744–753
Mendoza I, Zamora R, Castro J (2009) A seeding experiment for testing tree-
community recruitment under variable environments: implications for for-
est regeneration and conservation in Mediterranean habitats. Biological
Conservation 142:1491–1499
Mittelman P, Kreischer C, Pires AS, Fernandez FAS (2020) Agouti reintroduc-
tion recovers seed dispersal of a large-seeded tropical tree. Biotropica 52:
766–774
Navarro-Cano JA, Goberna M, Verdú M (2019) Using plant functional distances
to select for restoration on mining sites. Journal of Applied Ecology 56:
2353–2362
Oreja B, Goberna M, Verdú M, Navarro-Cano JA (2020) Constructed pine log
piles facilitate plant establishment in mining drylands. Journal of Environ-
mental Management 271:111015
Palma AC, Laurance SGW (2015) A review of the use of direct seeding and seed-
ling plantings in restoration: what do we know and where should we go?
Applied Vegetation Science 18:561–568
Passaretti RA, Pilon NAL, Durigan G (2020) Weed control, large seeds and deep
roots: drivers of success in direct seeding for savanna restoration. Applied
Vegetation Science 23:406–416
Peña-Domene M, Minor ES, Howe HF (2016) Restored connectivity facilitates
recruitment by an endemic large-seeded tree in a fragmented tropical land-
scape. Ecology 97:2511–2517
Pérez DR, Gonzalez F, Ceballos C, Oneto ME, Aronson J (2019) Direct seeding
and outplantings in drylands of Argentinean Patagonia: estimated costs,
and prospects for large-scale restoration and rehabilitation. Restoration
Ecology 27:1105–1116
Perri DV, Gorosito NB, Schilman PE, Casaubon EA, Davila C, Fernandez PC
(2021) Push-pull to manage leaf-cutting ants: an effective strategy in for-
estry plantations. Pest Management Science 77:432–439
Pommerening A, Murphy ST (2004) A review of the history, definitions and
methods of continuous cover forestry with special attention to afforestation
and restocking. Forestry 77:27–44
Questad EJ, Kellner JR, Kinney K, Cordell S, Asner GP, Thaxton J, et al. (2014)
Mapping habitat suitability for at risk plant species and its implications for
restoration and reintroduction. Ecological Applications 24:385–395
Restoration Ecology12 of 13
Precision forest restoration
Raupp PP, Ferreira MC, Alves M, Campos-Filho EM, Sartorelli PAR,
Consolaro HN, Vieira DLM (2020) Direct seeding reduces the costs of tree
planting for forest and savanna restoration. Ecological Engineering 148:
105788
Reif MK, Theel HJ (2017) Remote sensing for restoration ecology: application
for restoring degraded, damaged, transformed, or destroyed ecosystems.
Integrated Environmental Assessment and Management 13:614–630
Reis BP, Martins SV, Fernandes Filho EI, Sarcinelli TS, Gleriani JM, Leite HG,
Halassy M (2019) Forest restoration monitoring through digital processing
of high resolution images. Ecological Engineering 127:178–186
Rey PJ, Siles G, Alcantara JM (2009) Community-level restoration profiles in
Mediterranean vegetation: nurse-based vs. traditional reforestation. Journal
of Applied Ecology 46:937–945
SERI (2004) The SER International primer on ecological restoration. Society for
Ecological Restoration International, Tucson, Arizona
Sewell A, van der Esch S, Löwenhardt H (2020) Goals and commitments for the
restoration decade: a global overview of countries’ restoration commit-
ments under the Rio conventions and other pledges. The Hague: PBL Neth-
erlands Environmental Assessment Agency
Shaw JA, Roche LM, Gornish ES (2020) The use of spatially patterned methods
for vegetation restoration and management across systems. Restoration
Ecology 28:766–775
Siles G, Rey PJ, Alcantara JM, Bastida JM, Herreros JL (2010) Effects of soil
enrichment, watering and seedling age on establishment of Mediterranean
woody species. Acta Oceologia 36:357–364
Silva WR, Zaniratto CP, Ferreira JO, Rigacci EDB, Oliveira JF, Morandi MEF,
Killing JG, Nemes LG, Abreu LB (2020) Inducing seed dispersal by gener-
alist frugivores: a new technique to overcome dispersal limitation in resto-
ration. Journal of Applied Ecology 57:2340–2348
Smith D, King R, Allen BL (2020) Impacts of exclusion fencing on
target and non-target fauna: a global review. Biological Reviews 95:
1590–1606
Srinivasan A (ed) (2006) Handbook of precision agriculture. Principles and appli-
cations. The Haworth Press, New York
Stanturf JA, Palik BJ, Dumroese RK (2014) Contemporary forest restoration: a
review emphasizing function. Forest Ecology and Management 331:
292–323
St-Denis A, Kneeshaw D, Messier C (2018) Effect of predation, competition, and
facilitation on tree survival and growth in abandoned fields: towards preci-
sion restoration. Forests 9:692
Stutz RS, Banks PB, Dexter N, McArthur C (2015) Associational refuge in prac-
tice: can existing vegetation facilitate woodland restoration? Oikos 124:
571–580
Vaz AS, Alcaraz-Segura D, Campos JC, Vicente JR, Honrado JP (2018) Manag-
ing plant invasions through the lens of remote sensing: a review of progress
and the way forward. Science of the Total Environment 642:1328–1339
Verdú M, Gomez-Aparicio L, Valiente-Banuet A (2012) Phylogenetic related-
ness as a tool in restoration ecology: a meta-analysis. Procedings of the
Royal Society B: Biological Sciences 279:1761–1767
Vila-Viçosa C, Arenas-Castro S, Marcos B, Honrado J, García C, Vazquez FM,
Almeida R, Gonçalves J (2020) Combining satellite remote sensing and cli-
mate data in species distribution models to improve the conservation of Ibe-
rian white oaks (Quercus L.). ISPRS International Journal of Geo-
Information 9:735
Vogel HF, McCarron VEA, Zocche JJ (2018) Use of artificial perches by birds in
ecological restoration areas of the Cerrado and Atlantic Forest biomes in
Brazil. Neotropical Biology and Conservation 13:24–36
Zadworny M, Jagodzinski AM, Łakomy P, Ufnalski K, Oleksyn J (2014) The
silent shareholder in deterioration of oak growth: common planting prac-
tices affect the long-term response of oaks to periodic drought. Forest Ecol-
ogy and Management 318:133–141
Zellweger F, De Frenne P, Lenoir J, Rocchini D, Coomes D (2019) Advances in
microclimate ecology arising from remote sensing. Trends in Ecology &
Evolution 34:327–341
Coordinating Editor: Stephen Murphy Received: 27 January, 2021; First decision: 26 February, 2021; Revised: 21
April, 2021; Accepted: 22 April, 2021
Restoration Ecology 13 of 13
Precision forest restoration
